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Abstract 
Neutron Radiography facility in TRIGA MARK II PUSPATI reactor is being upgraded to obtain better image resolution as well 
as reducing exposure time. Collimator and exposure room are the main components have been designed for fabrication. This 
article focuses on the simulation part that was carried out to obtain the profile of collimated neutron beam by utilizing the 
neutron transport protocol code in the Monte Carlo N-Particle (MCNP) software. Particular interest is in the selection of 
materials for inlet section of the collimator. Results from the simulation indicates that a combination of Bismuth and Sapphire, 
each of which has 5.0 cm length that can significantly filter both the gamma radiation and the fast neutrons. An aperture made 
of Cadmium with 1.0 cm opening diameter provides thermal neutron flux about 1.8 x108 ncmí2sí1 at the inlet, but reduces to 2.7 
x106 ncmí2sí1 at the sample plane. Still the flux obtained is expected to reduces exposure time as well as gaining better image 
resolution. 
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1. Introduction 
Series of research were carried out to enhance the utilization of PUSPATI TRIGA neutron beam lines 
applications[Muhammad Rawi Mohamed Zin et al. (2005)], with particular interest on the usage of neutron 
imaging facility which equipped with radiography and tomography system for evaluation of industrial and cultural 
heritage objects. This more or less started with the procurement of neutron digital camera in 2006[Muhammad 
Rawi Mohamed Zin et al. (2006, 2007)]. However, placing the camera inside exposure room was difficult because 
of some constraints such as limited space and inadequte filtering of gamma radiation and fast neutrons. The latter 
occurs because the facility is utilizing radial piercing beamline. Both radiations can damage the charge couple 
device chip inside the neutron camera. In order to avoid this, the neutron camera has been only been tested and 
used for radiography and tomography applications utilizing the small angle neutron scattering beamline. Because of 
this, major improvement is needed for neutron collimation at neutron radiography facility by designing a new 
collimator with efficient filters. One component in the design would be the determination of suitable material for 
the inlet section of collimator. This involved simulation with the design focusing on the materials selection that can 
reduce gamma radiation and fast neutrons coming from the core of the reactor. The materials were selected and 
their properties were used as input in the Monte Carlo simulation using MCNP software. The initial objective of 
the study was to obtain candidate materials and their combination for making an inlet section for the collimator. 
2. Collimator Simulation 
A representative of the MCNP model developed for the simulation is shown in Fig. 1. It is one of the models 
developed for each configuration. The position of the inlet section which will be simulated with varied materials is 
shown by the circle. The main consideration of the material selection are high gamma and fast neutron cross 
section with wavelength dependent cross-section that is low for thermal neutrons. More than five material 
arrangements of materials of inlet section were modeled. 
Fig. 1. Quater section of reactor core with the collimator used as in input for MCNP model. 
Fig. 1 shows a demineralized water indicates a reactor pool section given in green section while red section 
shows a graphite reflector. The reactor core is located at the center section. The beamline is facing directly to the 
reactor core, therefore incoming neutron enters the inlet section of collimator in a radial direction. The collimator is 
design as a stepwise manner with the lower step has 15 cm diameter where as the upper step has 20 cm diameter. 
There are several layer of lead sheets with borated rubber covered the inner surface of the collimator. With this 
setup, neutron beam will be produced in a cone shape starting from the inlet aperture and diverge onto the beamline 
to the sample plane. The materials combination are given in Table 1. Priority is given to sapphire and bismuth with 
cadmium slit since these materials are proven capable to reduce gamma radiation and filtering fast neutron 
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respectively [Kaushal K.Mishra et al. (2006); N.Habib. (2007)]. The arrangement of inlet section implemented in 
the simulation is given in Table 2. 
Table 1. Materials used in simulation of collimator for neutron imaging facility of TRIGA MARK II PUSPATI nuclear reactor at 
Malaysian Nuclear Agency. 
Materials Length (cm) Diameter (cm) 
Bismuth (Bi) 5 10 
Sapphire  5 10 
HDPE 5 10 
Boron 5 10 
Cadmium (slit) 1 1 (opening) 
Table 2. Configuration of materials make an inlet section of collimator used in simulation neutron imaging facility of TRIGA MARK II 
PUSPATI nuclear reactor at Malaysian Nuclear Agency Agency. 
Configuration Materials 
1 Bismuth, HDPE 
2 Bismuth, Sapphire, HDPE 
3 Bismuth, HDPE, Cadmium-slit 
4 Bismuth, HDPE, Boron 
5 Bismuth, Sapphire, Cadmium-slit 
3. Results and Discussions 
The profile of thermal neutrons in the quarter section of reactor core obtained by the simulation is shown in the 
bottom-left of Fig. 2. This is a typical output of two dimensional map of thermal neutron flux distribution obtained 
from the MCNP model. The flux of thermal neutron at the core center was about 13th order of magnitude. At about 
one meter away from the core in radial direction, there is the inlet section including an aperture where thermal 
neutron flux reduces with one order of magnitude. However, visualization of MCNP output such as for thermal 
neutron flux inside the collimator was an issue, thus some mathematical scaling was implemented to enhance the 
contrast in the collimation section. The visual of thermal neutron flux profile after scaling is shown in Fig. 3 
Fig. 2: Typical example of MCNP output of thermal neutrons flux 
distribution.  
Fig. 3: Typical example of MCNP output of thermal neutrons flux 
distribution after scaling highlighted neutrons path in the collimator 
section. 
Fig. 3 shows the path and the profile of thermal neutron flux inside the collimator. This is given by a white 
straight line, where as the shielding section is in the blue color. It should be noted that there is a similar two 
dimensional thermal neutron flux profiles obtained from different simulations for various combination of materials 
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used for making the inlet section. The flux of thermal neutron from the up-stream at reactor core and inside 
collimator obtained from the analysis of inlet materials is given in Fig 4. This figure indicates that highest thermal 
neutron flux reaches the low-stream of collimator when the combination of bismuth with sapphire was used. 
Thermal neutron flux at the beam port outlet which position at 250 cm away from the core was around 8th order of 
magnitude as shown by the insert of Fig4. There is a plan that to position a scanning stage at about half meter away 
from the beam port mouth. This again will reduces thermal neutrons and it is expected that the thermal neutron flux 
at the sample will be around 6th or 7th order of magnitudes. It is a desire thermal neutron flux as required for 
realtime radiography applications. 
Fig. 4: Thermal neutrons flux of different inlet materials simulated 
using MCNP code.  
Fig. 5: Fast neutrons flux of different inlet materials simulated using 
MCNP code 
As we are aware that radial beam port rpoduce high fast neutrons flux as compared with the one from tangential 
beam port. The application of sapphire and bismuth is expected to moderate and reduces some portion of fast 
neutrons and gamma radiation in radial beam port. Fast neutron profile shown in Fig. 5 is the highest when the 
sapphire and bismuth as the inlet materials. There was a large reduction in fast neutron flux when HDPE used 
together with the bismuth and sapphire. It is expected as HDPE has large hydrogen content which moderate fast 
neutron thereby slightly increasing the thermal neutron flux. However, overall results indicates that fast neutrons 
content was a slight lower than the flux of thermal neutrons as shown in Fig. 5 
Fig. 6: The ratio of thermal to fast neutrons flux of different inlet 
materials simulated using MCNP code.  
Fig. 7: Gamma dose rate of different inlet materials simulated using 
MCNP code 
The ratio of thermal to fast neutrons was determined for each combination of inlet materials and the results from 
simulation is shown in Fig. 6. The results shows that the most higher ratio at the collimator mouth was obtained 
from the combination of bismuth, sapphire with the cadmium slit of 1 cm diameter and 1 cm thick. This indicates 
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that these will be the best combinations for inlet materials. However, the thickness of each materials has not been 
optimized yet and therefore will be the subject in future simulation. Gamma dose rate through out collimator 
obtained from the simulation is shown in Fig. 7. This figure shows that gamma radiation increased with thermal 
and fast neutrons as was expected for the combination of bismuth with sapphire. Other combinations of inlet 
materials produced much less gamma radiation, but their content of thermal neutron were two or three time less 
than the one produced by bismuth and sapphire. Therefore other combinations of inlet materials will be excluded in 
the design of collimator further on. The informations of gamma radiation dose rate and neutron flux emitted via 
collimator to its surrounding will be used to determine the design of exposure room shielding. 
4. Conclusions 
The combination of bismuth, sapphire and with 1 cm diameter aperture of cadmium slit with 1 cm thickness was 
the appropriate combination for making the inlet section of collimator. This was achieved by simulating the 
collimator using MCNP code. 
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